INTRODUCTION {#SEC1}
============

The methylation of lysine 36 of histone H3 (H3K36) is one of the most conserved epigenetic modification events across species. In *S. cerevisiae*, H3K36 di- and trimethylation are usually localized within the transcribed regions of active genes. Such modification appears to help stabilize the genome by inhibiting nucleosome exchange and preventing cryptic transcription via the recruitment of histone deacetylase Rpd3 ([@B1]--[@B3]). Set2 is the sole enzyme for catalyzing all three methyl forms of H3K36 in yeast. It has been shown to interact with RNA polymerase II through its C terminal Set2-Rpb1 interacting (SRI) domain to mediate Pol II recruitment to chromatin ([@B4]). The disruption of the interaction leads to Set2 destabilization ([@B5]).

Unlike yeast, multiple enzymes have been reported to have the capacity to methylate H3K36 in mammals, including SET domain containing 2 (SETD2), nuclear receptor binding SET domain protein 1, Wolf--Hirschhorn syndrome candidate 1 (WHSC1), Wolf--Hirschhorn syndrome candidate 1-like 1 (WHSC1L1), PR domain 9 and ash1 (absent, small or homeotic)-like (ASH1L) ([@B1],[@B6]--[@B8]). Among these, SETD2 is the closest homologue of yeast Set2 and the major enzyme for H3K36 trimethylation in mammalian cells ([@B9],[@B10]). The human SETD2 is a large protein of 2564 amino acids, including the conserved C-terminal SRI domain for interaction with RNA Pol II and a SET domain responsible for catalyzing substrate methylation. Interestingly, it also carries a unique uncharacterized N-terminal sequence of over 1400 amino acids, which is not conserved in either *Drosophila* or yeast.

SETD2-mediated H3K36 trimethylation has been implicated in the regulation of alternative splicing and DNA mismatch repair in mammalian cells ([@B11],[@B12]). On several model genes, such as pyruvate kinase isozymes M2 (*PKM2*), tropomyosin 1 (*TPM1*) and tropomyosin 2 (*TPM2*), H3K36 trimethylation appears to influence splice site selection by facilitating the recruitment of MORF-related gene 15 (MRG15) and polypyrimidine tract binding protein 1 (PTB) to chromatin ([@B11]). A more recent study identified another histone modification reader, zinc finger, MYND-type containing 11 (ZMYND11, also known as BS69), which selectively recognizes H3.3K36me3 to cause large-scale intron retention ([@B13]). In addition, both SETD2 and H3K36 trimethylation have been implicated in DNA damage repair, critical for tumorigenesis ([@B12],[@B14]--[@B16]). It has unclear whether SETD2-regulated splicing plays role in tumorigenesis.

*SETD2* has been reported to be a putative tumor suppressor gene in several cancer types, including clear cell renal carcinoma (CCRC), breast cancer and acute leukemia ([@B17]--[@B23]). CCRC has been linked to mutations or abnormal expression of an ubiquitin ligase von Hippel--Lindau tumor suppressor (*VHL*), which is responsible for repressing hypoxia-induced gene expression ([@B17],[@B24]). Besides *SETD2*, several groups have recently identified additional genes mutated or abnormally expressed in CCRC, including lysine (K)-specific demethylase 5C (*KDM5C*), lysine (K)-specific demethylase 6A (*KDM6A*), polybromo 1 (*PBRM1*) and speckle-type POZ protein (*SPOP*) ([@B17]--[@B19],[@B25]--[@B27]). However, it has been unclear how these genes might be functionally connected during tumorigenesis.

Interestingly, SPOP was initially identified as a nuclear protein that exhibits a speckled localization pattern characteristic of splicing factors ([@B28]). A more recent study established that SPOP forms an ubiquitin E3 ligase complex with cullin 3 (CUL3) and ring-box 1 (ROC1/RBX1), together poly-ubiquitinating substrates with K48 ubiquitin chains to promote protein degradation via the proteasome pathway ([@B29]). The established substrates for SPOP include death-domain associated protein, macro H2A, nuclear receptor coactivator 3 and phosphatase and tensin homolog in mammals, as well as cubitus interruptus in *Drosophila* ([@B30]--[@B35]). These findings suggest that SPOP may play a key role in modulating various gene networks during tumorigenesis. Opposite to these oncogenic activities, however, SPOP has also been suggested as a tumor suppressor in prostate cancer ([@B33],[@B36],[@B37]), thus implying that SPOP might exert opposite functions in different biological contexts.

In the present study, we connect SPOP to SETD2 by demonstrating SPOP as a specific ubiquitin E3 ligase for this H3K36 methyltransferase, and show that SPOP regulates histone H3K36 trimethylation and alternative splicing through modulating the stability of SETD2 on chromatin. These findings establish a key post-translational mechanism for controlling gene-specific H3K36 trimethylation levels on chromatin, which appears to modulate a variety of chromatin-coupled events during tumorigenesis.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines and reagents {#SEC2-1}
-----------------------

HEK293 and 769-P cells were grown in Dulbecco\'s modified Eagle\'s medium (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone) and 1x penicillin/streptomycin (HyClone) at 37°C with 5% CO~2~. Antibodies against Flag-epitope (Sigma), HA-epitope (Sigma), Myc-epitope (Abclonal), EGFP (Abmart), β-Actin (CWBIO), CUL3 (Epitomics) and ROC1 (Epitomics) were purchased from indicated commercial sources. Rabbit anti-SETD2 antibodies were raised and now commercial available at Abclonal. Mouse anti-SPOP antibodies were raised at the Wuhan Institute of Virology, CAS.

Yeast two hybrid screen {#SEC2-2}
-----------------------

cDNA fragments of SETD2 encoding amino acids 504--803 (B1), 804--1103 (B2) and 1104--1403 (B3) were respectively inserted in-frame into the Gal4 DNA-binding domain vector pGBT (Clontech, Palo Alto, CA, USA). The human HEK293 cell cDNA library (ATCC, Manassas, VA, USA) was screened as described ([@B38]). Approximate 1 × 10^6^, 1.2 × 10^6^ and 5 × 10^5^ clones were screened with the above three baits, respectively.

Protein expression in bacteria and GST purification {#SEC2-3}
---------------------------------------------------

Individual cDNA sequences were cloned into pGEX-KG vector. The constructs were transformed into BL-21 bacteria, which were induced with 0.2 mM IPTG at 18°C for 4 h. The harvested cells were sonicated and the lysates were centrifuged at 10 000 *×g* for 1 h. Recombinant proteins were purified from the supernatant with Glutathione Sepharose 4 according to manufacturer\'s instructions (GE Healthcare). Protein concentration was quantified by the Qubit 2.0 (Invitrogen).

Immunoprecipitation {#SEC2-4}
-------------------

Cultured cells were harvested and lysed in NP40 Lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP40) or high salt lysis buffer (20 mM HEPES pH 7.4, 10% glycerol, 0.35 M NaCl, 1 mM MgCl~2~, 0.5% triton X-100, 1 mM DTT) in the presence of proteinase inhibitors. After removing insoluble particles, the supernatant was incubated with protein G beads (GE Healthcare) and specific antibody at 4°C for 4 h. The beads were spin down and washed three times with lysis buffer. After the final wash, SDS loading buffer was added to the beads to release proteins for SDS-PAGE and Western blotting.

GST pulldown assays {#SEC2-5}
-------------------

GST-SPOP or GST was incubated with glutathione--sepharose beads in binding buffer (50 mM HEPES (pH 7.4), 150 mM KCl, 2.5 mM MgCl~2~, 5% Glycerol, 1% bovine serum albumin) at 4°C for 40 min. The beads were then washed twice with binding buffer, and mixed with HEK293 cell lysate containing wild-type or mutant Flag-tagged SETD2 proteins. Samples were incubated at 4°C for 1 h and followed by washing 3 times with binding buffer. Finally, SDS loading buffer was added and samples were heated to 95°C for 5 min for SDS-PAGE and Western blot analysis.

Reverse transcription and quantitative PCR {#SEC2-6}
------------------------------------------

Total RNA was extracted from collected cells with RNA extraction kit (Yuanpinghao) according to manufacturer\'s instruction. The amount of mRNA was quantified with Qubit (Invitrogen). Approximately 1 µg of total RNA was used for reverse transcription with a first strand cDNA synthesis kit (Toyobo). Real-time PCR was then performed with My-IQ (Biorad) according to the manufacturer\'s standard protocol. β-actin was used to normalize the amount of each sample. Assays were repeated at least three times. Data shown were average values ± SD. Primer sequences are presented in Supplementary Table S1.

Protein expression by baculovirus in insect cells {#SEC2-7}
-------------------------------------------------

Proteins was expressed and purified by using Invitrogen BacPAK^TM^ baculovirus expression system. The cDNA sequences of CUL3, ROC1 and SPOP were cloned into pBacPAK9 vector. The SPOP expression vector contains both His and Flag tags at its N terminus. The plasmids were transfected into SF9 cell and viruses were harvested 4 days later. SF9 cells were infected by the viruses and harvested 3 days later. Protein complexes were purified with both Ni Sepharose 6 Fast Flow (GE Healthcare) and Flag agarose (Sigma).

*In vitro* ubiquitination assays {#SEC2-8}
--------------------------------

The plasmids and purified proteins of E1, E2 and Ub are gifts of Dr Wei Li from Institute of Zoology, CAS. SETD2 fragments were expressed and purified from bacteria. The SPOP/CUL3/ROC1 complex was expressed with the baculovirus expression system and purified from insect cells. *In vitro* ubiquitination assays were carried out by adding E1(0.2 μg), 6His-UbcH5b(2 μg), GST-HA-SETD2-B3(5 μg), 6His-Ub(5 μg), SPOP-Cul3-ROC1 complex in ubiquitination buffer (20 mM Tris-HCl (pH 7.4), 10 mM ATP,10 mM MgCl~2~, 0.1 mM DTT) to a final volume of 50 μl. The reactions were incubated at 37°C for 1 h, and stopped with 1% SDS. The samples were heated at 95°C for 5 min and diluted 10-fold in lysis buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 0.5% NP-40,1 mM DTT, 1 mM Aprotinin, 1 mM Leupeptin) for immunoprecipitation or immunoblot analysis.

ChIP assays {#SEC2-9}
-----------

ChIP assay was performed as previously described ([@B39]). Briefly, approximately 1 × 10^7^ cells were fixed with 1% formaldehyde and then quenched with glycine. The cells were washed three times with phosphate buffered saline and then harvested in ChIP lysis buffer (50 mM Tris-HCl, pH 8.0, 1% SDS, 5 mM EDTA). DNA was sonicated to 400--600 bp. After centrifugation, four volumes of ChIP dilution buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) were added to the supernatant. The lysate was then incubated with protein G beads and antibodies at 4°C overnight. The beads were washed 5 times and DNA was eluted by Chip elution buffer (0.1 M NaHCO~3~, 1% SDS, 30 μg/ml proteinase K). The eluent was incubated at 65°C overnight and DNA was extracted with DNA purification kit (Sangon). Purified DNA was analyzed by quantitative PCR with Biorad MyIQ. Assays were repeated at least three times, and data shown were average values ± SD.

RNA-Seq and analysis of alternative splicing {#SEC2-10}
--------------------------------------------

A total of 10 μg of RNA mixture was used for mRNA purification and RNA-Seq library preparation. Quality control was evaluated on Agilent 2100 and sequencing was performed on Illumina Hiseq4000 platform with 150 paired end mode. Approximately 90 million reads were generated for each sample, and the data presented were based on two independent RNA-seq experiments.

Quality control for raw sequencing data was performed by FastQC v0.10.1. Low quality reads and adaptor contamination were removed by Cutadapt 1.8.3. After quality control and data filtering, reads were aligned to the reference genome hg19 by TopHat v2.0.10, allowing 2 mismatches per read and only concordant paired end reads were accepted for downstream analysis. MATS.3.0.8 beta and rmats2sashimiplot were used for alternative splicing analysis and related significant splicing events plot. Splicing events were accepted as significant with FDR \< 0.05. Functional analysis and Gene Ontology (GO) analysis were performed by DAVID. GO plot R package was used for GO analysis plot and R version 3.2.2 was used for some custom analysis.

ChIP-Seq sequencing and ChIP-Seq data analysis {#SEC2-11}
----------------------------------------------

ChIP-Seq was performed by using Rubicon ThruPLEX DNA-seq kit according to manufacturer\'s instructions. Briefly, ChIPed DNA and matched input DNA were prepared for end repair and 'A' tailing, adaptor ligation and library amplification. ChIP-Seq sequencing was performed on Illumina HiSeq2500 platform with 50 bp single end sequencing. The data presented were based on two independent experiments.

Quality control was performed with FastQC. CutAdapt was next used to trim low quality bases and adaptor sequences. Bowtie was used for data mapping to the hg19 reference genome, allowing two mismatches. Samtools was used to remove PCR-duplicated reads and only unique mapped reads were kept for downstream analysis. ChIP-Seq peaks calling was performed by MACS with *P-*value 1e-6. Genes that showed altered H3K36me3 levels were identified after normalizing all data to reads per million. The line plot of ChIP-Seq enrichment was performed by ngs.plot.

Data access {#SEC2-12}
-----------

All genomic data were available at the GEO database under the accession number GSE75270.

RESULTS {#SEC3}
=======

Regulation of SETD2 protein stability by the proteasome system {#SEC3-1}
--------------------------------------------------------------

It is well known that SETD2 is expressed at low levels in mammalian cells, which is difficult to detect by Western blot in total cell lysate ([@B12]). To determine its contribution to histone H3K36 methylation, we attempted to overexpress FLAG or HA-tagged exogenous SETD2 in HEK293 cells, and to our surprise, we hardly detected the exogenous protein by Western blot with either anti-Flag or anti-HA antibodies, while co-transfected EGFP was well expressed (Figure [1A](#F1){ref-type="fig"}). Both endogenous and exogenous *SETD2* mRNAs were readily detectable (data not shown), implying that the SETD2 protein might be subjected to stringent translational and/or post-translational control in the cell. To test this hypothesis, we treated the cell with the proteasome inhibitor MG132, finding that the treatment significantly increased the levels of both endogenous and exogenous SETD2 (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). These data strongly suggest that SETD2 is tightly regulated at the protein stability level by the proteasome system.

![SPOP regulates SETD2 stability in a proteasome-dependent manner. (**A**) HEK293 cells were transfected with HA-SETD2 or empty vector followed by DMSO or MG132 (10 μM) treatment. EGFP was co-transfected as control. HA immunoprecipitation and Western blot were carried out. (**B**) HEK293 cells were treated with DMSO or MG132 (10 μM) for 12 h. Endogenous SETD2 was immunoprecipitated and blotted with antibody against SETD2. β-actin served as control. (**C**) Schematic representation of SETD2 deletion mutants tagged with FLAG or HA. (**D** and **E**) Identification of the E3 ligase target region of SETD2. HEK293 cells were transfected with different Flag-tagged truncations of SETD2 for 48 h and then treated with or without MG132 (10 μM) for 12 h. Cell lysates were subjected to immunoblot (IB) with anti-FLAG antibody.](gkw814fig1){#F1}

To localize the region(s) in SETD2 responsible for proteasome-mediated degradation, we separately expressed a series of SETD2 segments (Figure [1C](#F1){ref-type="fig"}). We found that both fragment A and C were well expressed and neither exhibited obvious change in response to MG132 treatment. In contrast, fragment B was poorly expressed and sensitive to MG132 (Figure [1D](#F1){ref-type="fig"}), suggesting that this segment contains a signal for protein degradation. By further dissecting this fragment, we found that fragment B1 was poor expressed but not proteasome-dependent, while B3 showed selective sensitivity to MG132 (Figure [1E](#F1){ref-type="fig"}). These observations indicate that the B segment harbors two distinct signals for regulating SETD2 expression at the protein level, and B3 fragment accounts for post-translational degradation by the proteasome.

Identification of SPOP as a SETD2-interacting protein {#SEC3-2}
-----------------------------------------------------

We first chose to focus on the mechanism underlying the regulation of SETD2 protein stability by carrying out a yeast two-hybrid screen to identify SETD2-interacting proteins. Using B3 as a bait, we identified several candidate SETD2-interacting proteins, one of which corresponds to most of the amino acid residues of SPOP, a ubiquitin E3 ligase previously established to be part of the complex with CUL3 and ROC1 ([@B29]).

To confirm the interaction between SPOP and SETD2, we performed co-immunoprecipitation and GST-pulldown assays. Previous experiments indicated that the C-terminal BTB domain in SPOP interacts with CUL3, and its N-terminal MACH domain is responsible for substrate recognition ([@B29]). We thus tested the prediction that SETD2 might directly interact with the MACH domain of SPOP by co-expressing SETD2-B with either the N- or C-terminal fragment of SPOP in HEK293 cells, finding that SETD2 indeed interacted with the N-, but not C-terminal, portion of SPOP (Figure [2A](#F2){ref-type="fig"}). The GST pulldown assay further confirmed the direct interaction of bacterially expressed SPOP with both SETD2-B and B3 fragments (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). The full-length SETD2 protein is difficult to detect in the cell, thus preventing verification of its interaction with SPOP under standard conditions; however, the presence of MG132, we detected the interaction between the endogenous SETD2 and SPOP (Figure [2D](#F2){ref-type="fig"}). Because of strong background with rabbit IgG at the size of SETD2, we utilized rabbit anti-Flag as negative control in this analysis (Figure [2D](#F2){ref-type="fig"} upper). Two different anti-SPOP antibodies both pulled down SETD2 (Figure [2D](#F2){ref-type="fig"} upper), and endogenous SETD2 also pulled down SPOP (Figure [2D](#F2){ref-type="fig"} bottom). Despite relatively weak signals, the results clearly showed the interaction between endogenous SETD2 and SPOP.

![SPOP interacts with SETD2. (**A**) HA-SETD2-B. was transfected into HEK293 with FLAG-SPOP-NT or FLAG-SPOP-CT. Lysates were immunoprecipitated with anti-FLAG, followed by anti-HA Western blot. (**B** and **C**) SETD2 domains were mapped for SPOP binding by GST pulldown. GST-SPOP was expressed and purified from bacteria. FLAG-tagged different fragments of SETD2 were expressed in HEK293 and lysates were subject to GST pulldown assays. (**D**) Immunoprecipitation of endogenous SETD2 and SPOP. HEK293 cell were treated with MG132 and co-immunoprecipitation was carried out with SETD2 antibody and two different SPOP antibodies, as indicated. (**E**) Schematic representation of mutations of predicted SPOP binding sites. (**F**) HEK293 cells were transfected with equal amounts of EGFP and FLAG-tagged SETD2-B3 mutants. Lysates were assayed by Western blot. (**G**) The wild type and mutants of SETD2-B3 fragment were subjected to GST-pulldown as in B and C. SPOP pulled down less M3 compared with wild type and other mutants. (**H**) The wild type and the M1 and M3 versions of full-length SETD2 were respectively expressed in HEK293 cells together with FLAG-SPOP. \*indicates IgG heavy chain, s.e. for short exposure, and l. e. for long exposure.](gkw814fig2){#F2}

Previous structural analysis of SPOP substrates revealed the involvement of a conserved motif for interaction with the MACH domain ([@B29]). We surveyed for such motif in SETD2 and identified three putative SPOP binding sites in the B3 segment. We mutated the essential serine or threonine to alanine in each site (Figure [2E](#F2){ref-type="fig"}) and tested the effect of each mutant on increasing the stability of SETD2 in transfected HEK293 cells. We found that only mutant M3 became more stable compared to its wild type counterpart (Figure [2F](#F2){ref-type="fig"}). We also used the GST pulldown assay to determine the impact of each mutant on the interaction with SPOP, finding again that the M3 mutant bound much less efficiently with GST-SPOP, while all other three mutants showed no obvious difference (Figure [2G](#F2){ref-type="fig"}). We detected the interaction of full-length SETD2 with SPOP in the presence of MG132, which was only impaired by M3 mutation (Figure [2H](#F2){ref-type="fig"}).

Control of SETD2 stability by SPOP {#SEC3-3}
----------------------------------

Having established SPOP as a SETD2-interacting protein, we next tested the possibility that the SPOP/CUL3/ROC1 complex functions as an E3 ligase for SETD2. We first co-transfected SETD2-B with SPOP in HEK293 cells, finding that SETD2-B protein level decreased upon SPOP overexpression and the effect could be prevented by MG132 (Figure [3A](#F3){ref-type="fig"}). Conversely, knockdown of *SPOP* with two independent siRNAs increased the SETD2-B protein level in transfected HEK293 cells (Figure [3B](#F3){ref-type="fig"}). We made similar observations on the endogenous SETD2, by either transient knockdown of *SPOP* with siRNA (Figure [3C](#F3){ref-type="fig"}) or stable knockdown of *SPOP* using shRNA (Figure [3D](#F3){ref-type="fig"}). Cells transfected with Flag-SETD2-B3 and HA-SPOP were treated with cycloheximide to measure the protein decay rate and SETD2 fragment A or C was tested as control. The results indicated SETD2-B3 fragment was degraded faster in response to overexpressed SPOP, while SETD2-A or -C had no difference with or without SPOP (Figure [3E](#F3){ref-type="fig"}). Co-expression of HA-SPOP also significantly increased the decay rate of HA-tagged full-length SETD2 (Figure [3F](#F3){ref-type="fig"}). Immunofluorescent staining indicated that the exogenous expressed SPOP has a speckle-like distribution, which was probably related nuclear speckle as reported previously ([@B28]). Expression of wild-type SPOP greatly decreased the endogenous SETD2 in the cell, but not SPOP Y87N ([@B36]), a dead ligase mutant (Figure [3G](#F3){ref-type="fig"}). CUL3 is one of core subunits for the SPOP E3 ligase complex. As expected, its depletion increased SETD2 and H3K36me3 levels in the cell (Figure [3H](#F3){ref-type="fig"}). These data suggest that SPOP controls SETD2 stability, likely acting as part of the E3 ligase for SETD2 in mammalian cells.

![SPOP regulates SETD2 stability. (**A**) FLAG-SETD2-B. was expressed in HEK293 cells with or without HA-SPOP for 48 h. MG132 (10 μM) was added as indicated. Lysates were subjected to Western blot with indicated antibodies. (**B**) HEK293 cells were transfected with siRNAs against *SPOP* or negative control siRNA (NC) for 12 h, followed by FLAG-SETD2-B transfection. Lysates were assayed with Western blot as indicated. (**C**) HEK293 cells were transfected with NC, *SPOP* or *SETD2* siRNA for 72 h. Lysates were immunoprecipitated and assayed with western as indicated. (**D**) Lysates of stable cell lines containing *SETD2, SPOP* or control shRNA were assayed by Western blot with the antibodies as indicated. (**E**) FLAG-SETD2-B3 and MYC-SPOP were co-expressed in HEK293 cells, together with FLAG-SETD2-C (upper) or FLAG-SETD2-A (bottom). Western blotting was performed after cycloheximide (CHX) treatment with indicated time. (**F**) HA-tagged SETD2 full-length protein was expressed in HEK293 cells with or without HA-SPOP. The cells were then treated with CHX and blotted as indicated. (**G**) Wild type or Y87N enzymatic dead mutant SPOP was expressed and endogenous SETD2 was assayed by immunofluorescent staining and Western blot. (**H**) *SPOP, CUL3* and *SETD2* were knocked down by siRNA, and the total H3K36me3 levels were measured by Western blot. The numbers under the figure represent the relative protein fold change compared with NC.](gkw814fig3){#F3}

SETD2 poly-ubiquitination catalyzed by SPOP/CUL3/ROC1 complex {#SEC3-4}
-------------------------------------------------------------

To determine whether SPOP has the capacity to ubiquitinate SETD2, we performed *in vivo* and *in vitro* ubiquitination assays. Because the molecular weight of full-length SETD2 is close to 300 kD, which tends to obscure the resolution of ubiquitinated bands on SDS-PAGE, we performed ubiquitination assays on the SETD2-B3 segment instead. We expressed FLAG-SETD2-B3 and HA-ubiquitin in HEK293 cells with or without co-expressing Myc-tagged SPOP. The lysate was immunoprecipitated with anti-FLAG followed by Western blotting analysis with anti-HA antibody. We found that co-expression with SPOP significantly increased poly-ubiquitination of SETD2-B3 and MG132 further enhanced the extent of poly-ubiquitination (Figure [4A](#F4){ref-type="fig"}). As expected, the SPOP binding-deficient mutant M3 significantly attenuated the poly-ubiquitination reaction (Figure [4B](#F4){ref-type="fig"}). We also successfully observed the increased signal of SETD2 poly-ubiquitination with SPOP co-expression (Figure [4C](#F4){ref-type="fig"}). We further tested whether SPOP-mediated ubiquitination of SETD2 was dependent on lysine 48 or 63 of ubiquitin by replacing wild-type ubiquitin with either the K48 only or the K63 only form. The results showed that SPOP exclusively promoted poly-ubiquitination at the K48 site (Supplementary Figure S1).

![SPOP complex ubiquitinates SETD2 *in vivo* and *in vitro*. (**A**) HEK293 cells were transfected with MYC-SPOP, HA-ubiquitin, FLAG-SETD2-B3 as indicated, followed by MG132 treatment for 12 h. Lysates were immunoprecipitated and Western blotted as indicated. The shifted smear corresponded to poly-ubiquitinated SETD2. (**B**) FLAG-SETD2-B3 or FLAG-SETD2-B3 (M3) was subjected for ubiquitination assay as in (E). (**C**) *In vivo* ubiquitination assay was carried out with HA-tagged full-length SETD2 in the cell. The lysate without SPOP was loaded into the left two lanes with different amounts. (**D** and **E**) His-Flag-SPOP, ROC1 and CUL3 were co-expressed by baculovirus and purified as described in the Experimental Procedures. Purified SPOP/CUL/ROC1 complex was incubated with or without E1, E2 and Ub. (**F**) Purified wild-type SETD2-B3 and the M3 mutant were tested as substrates, respectively, and *in vitro* ubiqutination assay was carried out as (G).](gkw814fig4){#F4}

To demonstrate that the SPOP/CUL3/ROC1 complex is able to directly ubiquitinate SETD2, we expressed SPOP/CUL3/ROC1 by baculovirus in insect cells and purified the complex by tandem affinity chromatography via the FLAG and His tag (Figure [4D](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}, see Materials and Methods). We next used this purified complex to perform in *vitro* ubiquitination assay using bacterially expressed SETD2-B3 as a substrate. In the presence of E1, E2 and ubiquitin, the SPOP/CUL3/ROC1 complex was highly active in poly-ubiquitinating SETD2-B3 *in vitro* (Figure [4D](#F4){ref-type="fig"}). The M3 mutant showed much less ubiquitination *in vitro* relative to the wild-type protein (Figure [4F](#F4){ref-type="fig"}). These data strongly suggest that the SPOP/CUL3/ROC1 complex is a *bona fide* ubiquitin E3 ligase for SETD2.

SPOP-regulated histone H3K36 trimethylation {#SEC3-5}
-------------------------------------------

Having established the E3 ligase function of SPOP for SETD2, we then determined how this system might contribute to the regulation of H3K36me3. We perform H3K36me3 ChIP-seq before and after knocking down *SPOP* and *SETD2*, either alone or in combination. Based on two independent ChIP-seq experiments, which established the reproducibility of the data (Supplementary Figure S2A), we validated the main genomic distribution of H3K36me3 on introns, as reported earlier (Supplementary Figure S2B) ([@B40]). Significantly, global analysis showed that *SPOP* knockdown increased H3K36me3, while *SETD2* knockdown dramatically reduced this modification, which largely cancelled the effect of SPOP knockdown (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). We calculated the numbers of genes occupied by H3K36me3 in the four samples, finding that *SETD2* knockdown decreased H3K36me3 on ∼80% of genes, which is consistent with the previous report that SETD2 is a major H3K36me3 methyltransferase in the cell (Figure [5C](#F5){ref-type="fig"}) ([@B10]). The genes that showed elevated H3K36me3 after *SPOP* knockdown were largely overlapped with those with down-regulated H3K36me3 after *SETD2* knockdown (Figure [5D](#F5){ref-type="fig"}). Interestingly, the overlapped genes from our analysis are enriched with cell cycle and transcription regulation, implicating their potential roles in cancers induced by SPOP and/or SETD2 (Supplementary Figure S2C). We conclude from these data that SPOP negatively regulates H3K36me3 by modulating SETD2 stability.

![Genome-wide analysis of H3K36me3 regulated by SPOP. (**A**) SPOP and SETD2 were knocked down by specific siRNAs separately or together in HEK293 cells. Line plot shows H3K36me3 enrichment levels in the gene body under different conditions. (**B**) *SPOP* and *SETD2* were knocked down by siRNA separately or together and Western blotting was carried out to monitor knockdown efficiency. (**C**) H3K36me3 enrichment on the whole body of each gene locus was calculated after RPM (read per million) normalized. Venn diagram shows various overlaps of genes occupied by H3K36me3 in the cells described in (A). (**D**) Venn diagram shows the comparison between genes showing down-regulated H3K36me3 after *SETD2* knockdown and those showing up-regulated H3K36me3 after *SPOP* knockdown. (**E**) Genes with H3K36me3 elevation both in *SPOP* knockdown versus control and co-knockdown versus *SETD2* knockdown were selected with the Line plot showing H3K36me3 levels on their gene bodies. (**F**) Gene Ontology analysis shows the enriched biological processes of the genes in (F). (**G**) Landscape of H3K36me3 distribution on *PKM* and *TPM1*.](gkw814fig5){#F5}

H3K36me3-coupled mRNA alternative splicing {#SEC3-6}
------------------------------------------

Our ChIP-Seq data indicated that H3K36me3 on a large number of genes responded to *SPOP and SETD2* knockdowns in opposite directions (Figure [5D](#F5){ref-type="fig"}). We therefore selected the genes that showed H3K36me3 up regulation in both *SPOP* knockdown and SPOP/SETD2 double knockdown cells, (Figure [5E](#F5){ref-type="fig"} and Supplementary Figure S2D), which likely correspond to the genes sensitive to SPOP-regulated SETD2 degradation. Interestingly, GO analysis of these genes revealed that they are enriched in biological processes related to RNA processing and splicing (Figure [5F](#F5){ref-type="fig"}). In light of a previous study on H3K36me3 regulated splicing on *PKM2, TPM1* and *TPM2* ([@B11]), we examined and found that H3K36me3 on these model genes were indeed regulated by SPOP (Figure [5G](#F5){ref-type="fig"}). By ChIP-qPCR, we confirmed that *SETD2* knockdown and *SPOP* overexpression significantly reduced, while *SPOP* knockdown increased, H3K36me3 levels on these genes (Figure [6A](#F6){ref-type="fig"}). In contrast, while *SETD2* knockdown decreased H3K36me3 on the *GAPDH* gene, neither *SPOP* knockdown nor overexpression showed detectable effect (Figure [6A](#F6){ref-type="fig"}). To further confirm the regulation of these genes by both *SETD2* and SPOP, we double-knocked down *SETD2* and *SPOP* and found that H3K36me3 levels on *PKM2* and *TPM2* were restored to control levels (Supplementary Figure S3A).

![SPOP modulates H3K36me3 on SETD2 target genes. (**A**) ChIP analysis of H3K36me3 on *PKM2, TPM1, TPM2* and *GAPDH* genes in *SETD2* shRNA, *SPOP* shRNA and *SPOP* overexpression stable cell lines. Y-axis represents relative signals of H3K36me3 over H3. (**B**) Specific primers were designed to detect the indicated exons of PKM2, TPM1 and TPM2, as reported ([@B11]), and individual alternative splicing events were measured by quantitative PCR and represented by the ratios of different exons. GAPDH was used as control. (**C**) ChIP analysis of MRG15 on *TPM1, TPM2* and *PKM2* genes under indicated conditions. Y-axis represents relative MRG15 signals over IgG control. (**D**) ChIP analysis of SPOP on *PKM2, TPM1, TPM2* and *GAPDH* genes in *SETD2* knockdown cells. Y-axis represents relative SPOP signals over IgG control. (**E**) ChIP analysis of SETD2 on *PKM2, TPM1, TPM2* and *GAPDH* genes in *SPOP* overexpression cells. Y-axis represents relative SETD2 signals over IgG control. \**P*-value \< 0.05; \*\**P*-value \< 0.01. n = 3.](gkw814fig6){#F6}

We next examined alternative splicing of these genes by semi-quantitative PCR and found that *SETD2* knockdown induced splicing in *PKM2, TPM1* and *TPM2* (Figure [6B](#F6){ref-type="fig"}). Consistent with its role in regulating SETD2 stability, *SPOP* overexpression caused similar changes to those induced by *SETD2* knockdown, and *SPOP* knockdown altered splicing of these genes in the opposite direction (Figure [6B](#F6){ref-type="fig"}). The double knockdown of *SETD2* and *SPOP* rescued the phenotype caused by deficiency of single genes (Supplementary Figure S3B). MRG15 was previously shown to bind H3K36me3 and modulate alternative splicing ([@B11]). ChIP-qPCR analysis with MRG15 antibody showed that *SPOP* knockdown increased chromatin-bound MRG15 on these genes while overexpression caused the opposite effects (Figure [6C](#F6){ref-type="fig"}). Together, these data strongly suggest a role of SPOP in H3K36me3-regulated alternative splicing by modulating SETD2 stability.

Interaction of SPOP with chromatin to locally regulate SETD2 stability {#SEC3-7}
----------------------------------------------------------------------

To pursue the mechanism for the selective effect of SPOP on SETD2 target genes, we hypothesized that SPOP might have its own targeting specificity on chromatin. We tested this hypothesis by performing ChIP-qPCR on a panel of SETD2 sensitive genes that were differentially modulated by SPOP. We first examined our home-made anti-SPOP antibodies to assure their suitability for ChIP assays (Supplementary Figure S3C and S3D) and found that SPOP bound strongly on *PKM2, TPM1* and *TPM2*, but near the background level on *GAPDH*, and importantly, *SETD2* knockdown reduced SPOP binding on all three target genes (Figure [6D](#F6){ref-type="fig"}). We performed a converse experiment with anti-SETD2, finding that SETD2 bound all four target genes examined, and *SPOP* overexpression reduced SETD2 binding on *PKM2, TPM1* and *TPM2*, but not on *GAPDH* (Figure [6E](#F6){ref-type="fig"}). Together, these findings suggest that SPOP may be associated with chromatin through its interaction with SETD2 rather than direct binding. In contrast, SETD2 could clearly bind to other target genes in the absence of SPOP, which provides a reasonable account for SPOP-modulated H3K36me3 on only a subset of SETD2 target genes.

Transcriptome analysis revealed alternative splicing regulated by SPOP {#SEC3-8}
----------------------------------------------------------------------

We performed RNA-Seq to further illustrate the regulatory functions of SPOP and SETD2 in alternative splicing. Over 1000 altered splicing events were detected in each sample (Figure [7A](#F7){ref-type="fig"}, and Supplementary Table S2--S4), some of which were verified by RT-PCR (Supplementary Figure S4A--E), and a large number of alternative spliced genes in *SPOP* and *SETD2* knockdown were overlapped (Figure [7B](#F7){ref-type="fig"}). We also compared our data with those from a published study ([@B41]), noting ∼20% of SPOP-regulated genes were also regulated by PTB (Figure [7C](#F7){ref-type="fig"}), suggesting these genes are co-regulated by SPOP and PTB. We also analyzed 24 genes implicated in RNA processing identified in Figure [5G](#F5){ref-type="fig"} and found that 8 of them showed induced alternative splicing in response to SPOP knockdown (Supplementary Figure S4F), indicating that SPOP may regulate splicing through modulating alternative splicing of splicing regulators.

![Transcriptome regulated by SPOP and SETD2. (**A**) Alternative splicing events regulated by SPOP and SETD2 in HEK293 cells. (**B**) Venn diagram shows overlapped alternative splicing events in response to SPOP and SETD2 knockdown. (**C**) Venn diagram shows overlapped alternative splicing events regulated by SPOP and PTB. (**D**) The Scatterplot shows the H3K36me3 levels on alternative spliced sites in SPOP knockdown and control cells. Compared to blue-labeled sites, red represent the sites with higher H3K36me3 in SPOP knockdown cells and green dots for the sites with lower H3K36me3. (**E**) H3K36me3 levels on MYL6, a typical alternative spliced gene identified in RNA-Seq analysis.](gkw814fig7){#F7}

To further strengthen the relationship between alternative splicing and H3K36me3 regulated by SPOP, we analyzed the H3K36me3 levels around the alternative spliced sites, and found that one-third of these sites (535 of 1605 sites) contained higher H3K36me3 in the cells after SPOP depletion, in comparison with the control, while only ∼5% (88 of 1605 sites) had lower signals (Figure [7D](#F7){ref-type="fig"}). This is illustrated on an exemplary gene on which SPOP or SETD2 knockdown enhanced or reduced H3K36me3 (Figure [7E](#F7){ref-type="fig"}), which was correlated to altered splicing, as verified by semi-quantitative RT-PCR (Supplementary Figure S4B and S4D). These data suggest that SPOP may function via modulating SETD2 stability to globally regulate alternative splicing in mammalian cells.

DISCUSSION {#SEC4}
==========

We report the SPOP/CUL3/ROC1 complex as an ubiquitin E3 ligase for SETD2, a key enzyme in epigenetic regulation. We provide evidence that SPOP directly interacts with SETD2, thereby regulating SETD2 activities on a large subset of genes. This pathway is particularly pertinent to regulated splicing via modulating the H3K36me3 levels in the cell, and our data provide additional support to the involvement of MRG15 and PTB in chromatin-coupled splicing, which has been shown as one splicing repressor and mainly regulates mutually exclusive exons ([@B11],[@B41]). Our analysis suggests that the events regulated by SETD2 and SPOP include many alternative splicing types, but mainly exon exclusion (Figure [7A](#F7){ref-type="fig"}), which supports the role of PTB in alternative splicing regulated by SPOP and SETD2. A more recent study revealed another H3K36me3 reader, BS69/ZMYND11, responsible for various exon skipping and intron retention events detected ([@B13]). It will be interesting in future studies to determine how SPOP might be involved in alternative splicing regulated by BS69/ZMYND11 or other potential H3K36me3 readers.

An early study showed that disruption of the interaction between Set2 and RNA Pol II leads to Set2 destabilization in yeast ([@B5]). Because the fragment recognized by SPOP uncovered in our study is not conserved in yeast, the mechanism described here is likely limited to higher eukaryotes.

Our Western blotting results suggest that SPOP knockdown elevated ∼10% of H3K36me3 in the cell (Figure [5C](#F5){ref-type="fig"}), while the immunostaining result show that SPOP overexpression had a dramatic effect on SETD2 (Figure [3F](#F3){ref-type="fig"}). These likely reflect incomplete SPOP knockdown by siRNA and the dominant effect of overexpressed SPOP, although it is also possible that endogenous SPOP may selectively regulates a subset of SETD2 target genes. Considering the localization of SPOP in nuclear speckles ([@B28]), we speculate that SPOP may preferentially regulate SETD2 stability on chromatin with spatial proximity to nuclear speckles.

Our findings also have important implications in the biological functions of both *SPOP* and *SETD2*, as both have been suggested to play critical roles in CCRC, where *SPOP* was proposed to function as an oncogene whereas *SETD2* as a tumor suppressor ([@B27],[@B35]). Because their functions are now converged on regulated H3K36 trimethylation and chromatin-coupled alternative splicing, our findings provide a new angle to understand how defects in *SPOP* and *SETD2* may contribute to kidney cancer. Interestingly, SPOP has been suggested to have an oncogenic function in CCRC, but a tumor suppressive role in prostate cancer ([@B27],[@B33],[@B35]--[@B37],[@B42]). It is possible that SPOP, besides negatively regulating H3K36me3 levels, may have distinct specificity on other substrates in different cancers. It will be interesting to test this hypothesis by comparing the function of SPOP in these two tumor models.
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